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The commercial production of artemisinin and other valuable bioactive natural
products depends on their plant sources, which may provide variable amounts of
the compound depending on plant variety, the period of the year, abiotic stress
and other factors. Therefore, it requires a method for large-scale, low-cost
natural product quantification. The standard HPLC and UHPLC methods are
accurate but the analysis are costly and require different optimization for
structurally-diverse products. An alternative method using NMR with TBS-
pyrrole as a novel “universal” reference affords a simple, fast method to
quantify many different products. The method is shown with antimalarial
artemisinin, whose yield using conventional and novel extraction procedures
was determined by standard UHPLC-MS procedures and by our NMR protocol,
with similar quantification results. The novel reference compound does not
interfere with artemisinin or extract signals, only needs a small amount of the
extract, is accurate and operationally simple, and a large volume of samples can
be processed in little time. Moreover, bioactive terpenes, steroids, alkaloids,
aromatic compounds, and quinones, among others, were quantified in a model
vegetal extract with this “universal” reference with excellent accuracy.
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1 Introduction

Many active principles used as drugs, food additives and/or fine
chemicals are plant natural products or semisynthetic derivatives, such
as the antimalarial artemisinin (Klayman, 1985; Hien et al, 1993;
O'Neill and Posner, 2004; Li and Zhou, 2010), or quinine, which not
only was the first antimalarial drug (Achan et al., 2011), but is also used
as food additive to give a bitter flavouring in tonic water and other
beverages (Tong et al, 2009), and also as a chiral ligand and
organocatalyst (Li et al,, 2022). Although different synthetic routes to
such compounds have been developed, they often have limitations for
large-scale production, and therefore, in many cases commercial
availability is based on plant extraction (Sirirungruang et al., 2022).
In the last years, attempts to increase their production using plant
biotechnology, elicitors, and modified culture conditions have attracted
much interest (Garcia-Garcia et al., 2020; Khare et al., 2020; Abdulhafiz
et al., 2022; Das et al., 2022; Graziani et al., 2022; Sirirungruang et al,,
2022). However, plant extraction has drawbacks. For instance, the need
to quantify the amount of the active principle in the extracts, in order to
homogenize the formulations.

The commercial production of the potent antimalarial and
antimicrobial artemisinin (ART) by Artemisia annua illustrates
this point. The natural source provides variable amounts of the
compound depending on plant variety, the period of the year,
abiotic stress and other factors (Tellez et al., 1999; Ferreira et al,,
2005; Jha et al, 2011; Nganthoi and Sanatombi, 2019). The
modification of the extraction conditions can also provide a
multi-fold increase of artemisinin isolation (Nahar et al., 2020).
In any case, commercial production requires a method for large-
scale, low-cost artemisinin quantification in samples. One of the
best methodologies to achieve this goal is High Performance Liquid
Chromatography (HPLC) and related Ultra-High Performance
Liquid Chromatography (UHPLC) (Zhao and Zeng, 1985; Jessing
etal, 2011; Nahar et al., 2020). This chromatographic methodology
is accurate and reliable, but the analysis are costly, due to the
requirement of ultra-pure solvents and appropriate columns, and
time costs. Besides, artemisinin lacks chromophores and requires
derivatization prior to UV detection (Kontogianni et al.,, 2020).
Therefore, in order to process a large amount of samples, the
artemisinin producer will invest much time and have more costs.

In case that the producer needs to quantify structurally-diverse
natural products, different HPLC or UHPLC conditions, including
columns and solvents, should be optimized. In addition, different
internal standards (one per analyte) would be required, which may
not be commercially available. We reasoned that an alternative
protocol based on Nuclear Magnetic Resonance (NMR) with an
“universal” reference could simplify the analysis and would be also
quite accurate (Castilho et al., 2008; Kontogianni et al, 2020).
Moreover, although the NMR equipment is more expensive than the
HPLC/UHPLC equipment, many public and private entities offer
NMR services at a very reasonable price, which is usually much
lower than the price of an HPLC analysis. This is due to its
operational simplicity, which saves personnel and sample preparation
costs, with fast optimization of acquisition parameters and very fast
processing of the samples.
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Similarly to HPLC, in quantitative NMR (QNMR) an internal
standard is mixed with the sample containing the desired natural
product/s. By measuring the areas of selected signals of the
reference substance (whose amount is known) and the target
product, it is possible to work out the relationship between the
amount of both compounds. However, the NMR protocol is much
simpler than HPLC, consisting of mixing solutions of extract and
reference in a NMR tube and recording the spectrum. Any amount
of the standard and extract would do (in a certain range), but to be
suitable, the reference signals should not overlap with those of the
target product or the extract. If the separation is not good, then
HPLC techniques or an NMR/HPLC combination should be used
(Soininen et al., 2014). Despite this, as will be seen in the Article,
many bioactive natural products possess some differentiated signal/
s and the NMR quantification can be applied.

Some authors have compared NMR and other techniques such
as HPLC, LC or TLC for the quantification of artemisinin. For
instance, Castilho et al. (2008) used t-butanol (t-BuOH) as an
internal standard in artemisinin extracts and compared the "HNMR
results with the HPLC-refractive index (HPLC-RI) ones. The first
method gave a linear response for artemisinin, using the
concentration range 9.85-97.99mM (R* © 0.9968). For two similar
sample concentrations, the calculated artemisinin yields using NMR
and HPLC-RI were 0.77% versus 0.72% and 0.86% versus 0.71%.
These differences could be due to the standard choice since t-BuOH
(81 1.26) usually overlaps with some extract signals at high yields.

Liu et al. (2010) improved the method by replacing t-BuOH by
maleic acid as a standard. Maleic acid presents a unique sharp signal
in d-methanol solution at ;7 6.28, corresponding to two equivalent
protons. This signal did not overlap with that of artemisinin at g
6.02, or other extract signals. The QNMR method reported by
Castilho et al. (2008) was adapted, and the authors pointed out
that a standard curve was not necessary, since in NMR the molar
equivalence of proton signals is enough for quantification, as
reported also by Pauli et al. (2005).

Liu et al. (2010) carried out the quantification with eight A.
annua extract samples, and the observed values were compared
with those obtained with other commonly used techniques: Liquid
Chromatography with an evaporative light scattering selector
detector (LC-ELSD), Liquid Chromatography coupled to a mass
spectrometer (LC-MS), and Thin-Layer Chromatography (TLC).
LC-ELSD values showed a fine correlation with QNMR values (with
a + 0.7 mg estimation range, expressed as the differences between
both values). The LC-MS had a larger estimation range with respect
to QNMR results (between -1.0 and +0.6 mg) and the TLC showed
the largest estimation range (between -0.5 to +3.2 mg). It should be
noticed that in the two LC methods (LC-ELSD and LC-MS) the
separation of artemisinin from other extract components required
different conditions (from the columns to the elution protocols),
and moreover, the detection devices also varied (ELSD versus MS),
hence the small differences in ART values. In the case of the TLC
method, the separation was probably worse, and hence the content
values were not so accurate. The QNMR avoids the need to separate
the products from the extract and therefore avoids this source of
result variability.
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This fact was also pointed out by Kontogianni et al. (2020), who
used 2-D NMR techniques such as '"H-'C heteronuclear single
quantum coherence (HSQC), and "H-3C heteronuclear multiple
bond correlation nuclear magnetic resonance (HMBC), as well as 1-
D total correlation spectroscopy (TOCSY) for the quantification of
artemisinin and several other components in a crude diethyl ether
extract. The NMR results closely matched those obtained with
HPLC with diode-array detection (e.g., 180.75 + 3.61 mg ART/g
dry extract versus 180.32 + 2.17 mg ART/g dry extract,
respectively). The comparison could only be made for those
compounds whose standards were available for HPLC.

This QNMR method is accurate and operationally simpler than
LC methods and is useful to quantify several components in the
same extract, but nevertheless requires a solid training in 1-D and
2D-NMR methods. The gNMR method with internal reference
requires a very simple training, and if an “universal” reference was

10.3389/fpls.2023.1255512

found, it could be used for massive analysis of samples from
different origins.

To develop such “universal” reference, avoiding overlapping
with extract and product signals was essential. The analysis of the
natural product database NP-MRD (https://np-mrd.org/) suggests
which NMR regions are the less signal-populated (Wishart et al.,
2022). A library of compounds whose 'H (‘H-'H) NMR spectra
were run in CDCl; and referenced to the deuterated solvent or TMS
was analysed (for other d-solvents, please see the Supporting
Information). The non-experimental (simulated/predicted)
spectra, and those of “not usable” quality were discarded. In the
frequency histogram represented in Figure 1A, the number of
molecules having signals in each NMR region (separated by 0.5
ppm) is represented. In the histogram shown in Figure 1B, the
number of recorded signals for each NMR region is depicted. As can
be seen in Figure 1A, no natural product molecules present signals
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FIGURE 1

(A) Histogram with the number of molecules and their relative frequency in each NMR region, and (B) histogram with the number of recorded
signals and their relative frequency in each NMR region. The histograms include compounds whose *H (*H-'H) NMR spectra were run in CDClsz and
referenced to the solvent or TMS. The NMR regions are separated by 0.5 ppm. Data were obtained from the natural product database NP-MRD

(https://np-mrd.org/), accessed August 25, 2023.
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in the 8y 0-0.5 range. Between 3y 5.0-7.00, a relatively low number
of molecules display signal peaks. On the other hand, Figure 1B
shows that the 8y 0-0.5 range presents no signals, while the interval
0.5-3.0 is quite populated, and then the relative number of signals is
reduced, particularly in the 8y 5.0-7.00 range. Comparing with the
data recorded for other solvents, the 8 0.0-0.5, 6.0-7.00 and & >
8.5 ranges seem to be the less populated ones. Therefore, standards
whose signals appear in those regions would be desirable,
particularly if they present signals in more than one interval.
Otherwise, they cannot be considered “universal” references, since
in practice different standards may be required for
different samples.

As commented, different commercial references have been
developed, and for instance the TraceCERT® standards have
intense, and often sharp signals, at different shifts, and have been
used to quantify pure substances and mixtures (Sigma-Aldrich,
2023). However, to find an “universal” NMR reference for the
quantification of structurally-diverse natural products in extracts is
not trivial (see Table SI in Supporting Information).

In effect, some references such as ethylene carbonate,
duroquinone, dimethylsulfone, dimethylmalonic acid, malic acid
and alcohols have signals in the same range as most plant extracts
(8y 0.5-5) (Castilho et al., 2008; Nahar et al., 2020; Sigma-Aldrich,
2023). The signals of other standards (such as benzoic acid and
its esters, phthalates, 1,2,4,5-tetrachloro-3-nitro-benzene, etc)
overlap with those of natural products containing aromatic rings
or double bonds. Some NMR references display signals in two
different ranges, such as thymol or 1,3,5-trimethoxy-benzene, and
are more versatile NMR standards, but still their signals
corresponding to aliphatic H-C overlap with those of plant
extracts, and the signals in the aromatic/olefinic area can interfere
with the few differentiated signals of bioactive natural products.
Therefore, they are not suitable as “universal” references.

In this communication we report the design and synthesis of a
versatile, low-cost NMR reference, suitable to efficiently quantify
artemisinin and a variety of natural products in extracts. It would
present signals in two “little crowded” regions, 8y 5-7 and 85<0.5,
and at least one of them would not overlap with those of the sample.
Bioactive terpenes, steroids, alkaloids, aromatic compounds, and
quinones, among others, were quantified with this “universal”
reference to show the feasibility of this approach.

2 Material and methods
2.1 Plant material

Plants of A. annua were obtained from Biotech Tricopharming
Research SL and cultivated in their experimental fields located in
San Cristobal de La Laguna (Tenerife, Spain) during summer 2022,
and leaves were harvested in early October before flowering. The
leaf size was between 3-4 cm. Even more important, the leaves were
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at the same phenological state (maturity). Since in A. annua the
bottom leaves are the oldest, and the upper leaves are the youngest,
only leaves at medium height of equally tall plants were taken.
Leaves from different plant species were harvested in San Cristobal
de La Laguna in March 2023 to obtain a model of a complex extract
mixture. The leaves were dried at 38 °C and powdered.

2.2 Chemicals and standards

Artemisinin (98%) was obtained from Sigma-Aldrich (CAS
63968-64-9), as well as pure vanillin (CAS 121-33-5),
thymoquinone (CAS 490-91-5), carvone (2244-16-8), verbenone
(CAS 1196-01-6), santonin (481-06-1), sitosterol (83-46-5),
dehydroabietylamine (CAS-1446-61-3), quinine (CAS 130-95-0),
and gramine (CAS 87-52-5). The reagents sodium hydride (CAS
7646-69-7), pyrrole (CAS 109-97-7) and tert-butyldimethylsilyl
chloride (CAS 18162-48-6) were also purchased from Sigma-
Aldrich. Commercially available solvents were analytical grade
and were purchased from Merck, as well as the deuterated solvents.

For UHPLC-MS quantification, LC-MS grade acetonitrile was
obtained from Merck (Darmstadt, Germany), and deionized water
was obtained from a Milli-Q system A10 (Millipore, Massachusetts,
USA). Formic acid (> 95%) was from Honeywell (New Jersey,
USA). To prevent carryover contamination in the laboratory,
volumetric glassware was cleaned using a glass reagent from
Godax Laboratories (Maryland, USA), while other glassware was
heated at 550°C for 4 hours.

2.3 Optimized extraction methodology

Different methodologies were tested to obtain higher plant
extract amounts. More detail of the solvents used is shown
in Table 1.

Method A: The solvent (12.5 mL) was added to powdered dried
plants (0.5 g) and the mixture was sonicated at room temperature
for 1 h. The organic layer was filtered, and the filtrate was treated
with active carbon to remove chlorophylls, until disappearance of
the green colour. The active carbon was then filtered off. Then the
filtrate was evaporated under vacuum, providing the dry plant
extract residue.

Method B: The solvent (12.5 mL) was added to powdered dried
plants (0.5 g) and the mixture was stirred for 18 h at room
temperature, using a magnetic stirrer. The organic layer was
filtered, and the filtrate was treated with active carbon as in
Method A to obtain the dry plant extract residue.

Method C: Acetone (50 mL) was added to the powdered dried
plants (2 g) and the mixture was stirred for 18 h at room
temperature, using a magnetic stirrer. The organic layer was
filtered, and the filtrate was treated with active carbon as in
Method A to obtain the dry plant extract residue.
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TABLE 1 Comparison of extraction methodologies. Results obtained after filtering off the vegetal material and removing chlorophylls with active

carbon.

Extraction method

Method A: Sonication of 0.5 g of dried powdered plant for 1 hour in 12.5 ml of solvent.

Method B: 0.5 g of dried powdered plant in 12.5 ml of solvent were extracted for 18h under stirring.

Method C: 2 g of dried powdered plant in 50 ml of solvent were extracted for 18h under stirring, affording C.1 sample.

2.4 Preparation of the reference
compound N-(t-butyldimethylsilyl)
pyrrole and determination of its
quality as NMR reference

Sodium hydride (60% suspension in mineral oil; 1.20 g, 30.0 mmol,
1.50 equiv.) was added to a solution of commercially available pyrrole
(1.40 mL, 20.0 mmol) in dry THF (40 ml), at 0°C and under nitrogen.
The mixture was stirred at the same temperature for 15 min, and then
allowed to warm to 25°C for 2 h. Then it was cooled back to 0°C and
tert-butyldimethylsilyl chloride (3.92 g, 26.0 mmol, 1.30 equiv.) was
added. The mixture was allowed to warm to 25°C. and stirred
overnight. Then it was poured into water and extracted with EtOAc
(3 x 10 mL). The combined organic layers were dried over magnesium
sulfate, filtered and concentrated under vacuum. The crude product
was purified via column chromatography (n-hexane:AcOEt, 95:5), to
give N-(tert-butyldimethylsilyl)pyrrole (2.77 g, 77%). Its '"H NMR
values are in accordance with reported data (Dhanak and Reese,
1986; Caramenti et al,, 2017): "H NMR (400 MHz, CDCl;) & 6.80 (s,
2H), 6.33 (s, 2H), 0.89 (s, 9H), 0.43 (s, 6H). "H NMR (600 MHz,
CDCl3) 8 6.80 (s, 2H), 6.32 (s, 2H), 0.89 (s, 9H), 0.43 (s, 6H).

The quality of this compound as NMR reference was
determined with an inversion/recovery experiment using a 600
MHz Bruker spectrometer (see Supporting information), to
calculate the T, of the standard signals. The main parameters of
the experiment were: scan number = 8, Recycle Delay dI = 50 sc,
with a gain RG = 114, a pulse width pw = 6.57 psc, an acquisition
time at = 1,36 sc.

The NMR data were processed with the MestreNova application
(Windows versions 14.3.1, Mestrelab Research SL), using the Data
Analysis>New>Integral Graphics tool, as instructed in the manual (see
Mestrelab Research, 2023). Thus, for 8y = 6.8, G = 0.205161 and T _
4,87 sc; for 8y = 6.33, G = 0.527823 and T, _ 1.89 sc; for 6y = 0.44, G =
1.87069 and T; _ 0.53 sc. For a good quality, the total time TT should
be superior to 5 x T;. Since TT = at + d1 = 51.36 sc, all the standard
signals meet the requirement (Thus, 5 xT1 is 24,35 sc for 8y = 6.8; then
9,45 sc for &y = 6.33, and finally 2,65 sc for &y = 0.44).
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Solvent Extract residue
n-hexane 7.0 mg

Acetone 10.2 mg

Toluene 12.7 mg

n-hexane 222 mg

Acetone 42.6 mg

Acetone 83.5 mg

2.5 Preparation of NMR samples for
quantification of artemisinin in
extract residue

Method I: A solution of pure artemisinin or plant extract
residue in CDCl; was placed in an NMR tube. Different amounts
of the reference (about 15-20 mg) in 0.5 mL of the deuterated
solvent were prepared, and then aliquots of each solution (e.g., 20
uL) were added to the NMR tubes with a Hamilton syringe. The
NMR tube was vigorously shaken before running the
NMR experiment.

Method II: To a flask with the pure compound (first validations) or
the artemisinin-containing plant extract residue (10-15 mg) was added
CDCl; (0.2 ml), and the solution was placed in a NMR tube using a
Pasteur Pipette. The flask was washed with a second addition of CDCl;
(0.2 ml), which was also introduced in the NMR tube. A certain
amount of the reference was weighed in a small vial (2-3 mg, the
amount in itself is not important, but it should be weighed accurately),
well dissolved in 0.1 mL CDCls, and added to the NMR tube. The
empty flask was washed with more solvent (0.1 mL), which was also
placed in the tube. The homogeneity of the solution was secured with a
brief vigorous agitation (a Vortex saves work).

The NMR spectra was recorded in a Bruker 400 MHz NMR
spectrometer. In the automatic service mode, the NMR experiments
(32 scans, 30° pulses to reduce acquisition time), presented the
following parameters: Recycle delay d; - 1 sc, with a gain RG = 101,
an acquisition time at = 4,59 sc, a pulse width pw = 8 psc, and a
spectral width SW = 17,85.

The FID (Free Induction Decay) data were processed with the
MestreNova application (version 14.3.1, and 10.0.1-14719 for
artemisinin analysis, Mestrelab Research SL), using the
NMR>Processing tools, with the manual and/or automatic phase
and baseline corrections (for more details, see Mestrelab
Research, 2023).

Selected reference and artemisinin signals (8 = 6.33, 6.80 and
0.44 for the reference and 8y = 5.86 for artemisinin) were integrated
and their areas were compared.
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2.6 Artemisinin quantification by
UHPLC-MS

Artemisinin quantification was made adding 2 ml of acetone (LC-
MS grade): ultrapure water (Milli-Q®) in a 75:25 v ratio to 10 mg of
plant extract residue. Then, vigorous Vortex agitation was applied for 1
minute to achieve a homogeneous solution. After preparation of the
samples, they were diluted as follows (artemisinin stock solutions).

Artemisinin stock solutions of 1000 mg/L were prepared in
acetonitrile of LC-MS grade and used for the preparation of daily
working mixtures of analytes by dilution. All solutions were stored
in the dark at -18°C.

With respect to the apparatus and software, analyses were
carried out in a Waters Acquity UPLC® H-Class, consisting of a
sample manager with a flow-through needle and a quaternary
solvent from Waters Chromatography. The UHPLC system was
hyphenated with an MS Xevo TQD (Waters Chromatography) with
an electrospray ionization interface in positive mode. Mass—lynxTM
software from Waters Chromatography was used to control the
pumps and sample manager, as well as MS parameters and the
collection and processing of spectrum data. Separation was
performed on an ACQUITY UPLC HSS T3 column (100 mm x
2.1 mm, 1.8 pm) using a pre-column with the same stationary phase
(5 mm x 2.1 mm, 1.8 um), both from Waters Chromatography. The
column and pre-column temperature were set at 40°C.

The mobile phase consisted of acetonitrile (ACN; solvent A) and
water (solvent B), both containing 0.1% (v/v) of formic acid. The
composition was initially set at 50/50 (v/v) A/B and maintained for 4.5
min. Then, it was changed to 100% A in one min, which was held
during one min. Finally, the initial conditions were set up in one min
and maintained for another min until the system stabilized. The flow
rate was 0.5 mL/min, and the injection volume was 5 uL at 10°C.

The MS analysis was performed in multiple reaction monitoring
mode using the retention time and two different transitions as
identification points. A maximum tolerance of +20% for the relative
intensity of confirmation to quantification ions with respect to the
reference ion ratio was established (European Commission, 2002). The
source conditions were as follows: capillary voltage 3.2 kV, source
temperature 150°C, desolvation temperature 600°C, cone gas (N,) flow
rate 120 L/h, desolvation gas (N,) flow 1000 L/h, collision gas (Ar)
pressure 0.5 bar. The multiple reaction monitoring transitions (MRM),
cone voltage, and collision energies applied for artemisinin are shown
in Table S1 (Supporting Information).

A statistical analysis was performed to compare qNMR and
UHPLC-MS results in R Studio (version 2022.07.1 + 554,° 2009-
2022 RStudio, PBC). Thus, a Wilcoxon signed-rank test was applied
in 5 quantified samples.

3 Results and discussion
3.1 Development of the NMR reference

An ideal NMR reference should present high purity, be inert
towards the compounds in the mixture, and have only a few signals
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that do not overlap with those of the extract and the natural product
(Selegato et al., 2019). As illustrated for artemisinin and
artemisinin-containing extracts (Figures 2A, C, see ampliations in
the Supporting Information), the reference substance should have
signals only above 8y = 6 and/or below 8y = 1.0. Moreover, since
the reference should be “universal”, no signals in the aromatic area
(O > 7) were desired. These requirements leave a narrow shift
range (8 = 6-7 and 8y3.1.0) for the internal standard. Relatively few
natural products have signals at 8y = 6-7, and only semisynthetic
derivatives present them at 8;;<0.6, but even so, to avoid any risk of
overlapping in one of these intervals, reference signals should
appear in two or more ranges.

We designed several compounds and decided on N-TBS-
pyrrole (2, Figure 2B; Dhanak and Reese, 1986; Caramenti et al.,
2017). Although this compound was known, this would be its first
use as an NMR standard. N-TBS-pyrrole (2) has two multiple bond
signals (resembling singlets) above 8y = 6.0, and two alkyl signals in
the opposite side of the spectrum. One of them corresponds to two
methyl groups attached to silicon, and therefore appears at an
unusual high field (8y = 0.44). Since the reference signals at 8y = 6-
7 and 8y = 0.44 are so far apart, and appear in regions with few
signals, complete reference/sample overlap is extremely unlikely. In
addition, the baseline and phase of the spectrum (which should be
optimized to achieve accurate signal areas) can be easily corrected
by comparing the relative areas of one signal at 8;; = 6-7 (2H) and
the signal at 8y = 0.44 (6H), which should be in a 1:3 ratio.

Moreover, in the unlikely case that key signals of other target
natural products appeared in the 8;; = 6-7 interval, and besides,
overlapped the sharp standard references, the quantification would
still be possible. Thus, the signal at 8y = 0.4 (6H) could be used to
determine the area of the reference singlets at 8y > 6.0 (2H each).
Then, the area of the product signal/s could be determined
by subtraction.

As additional advantages, N-TBS-pyrrole (2) is readily prepared
in one step from inexpensive commercial reagents (Scheme 1), so its
final cost is quite competitive with respect to commercial references.
Finally, it is a liquid with a moderate boiling point that ensures
accurate handling under standard conditions, but also removal
under high vacuum for 1 hour at least, allowing the recovery of
valuable natural products from the quantification sample.

3.2 Quantification of artemisinin in
samples. Comparison between UHPLC
and NMR results

As commented before, both the culture conditions of Artemisia
annua and the extraction methodology influence artemisinin yields
(Ferreira et al., 2005; Jha et al., 2011; Nahar et al., 2020). Therefore,
different extraction protocols were compared to find the more
suitable for product quantification and for its commercial
isolation (Christen and Veuthey, 2001; Lapkin et al., 2006;
Castilho et al., 2008; Nahar et al., 2020).

Under some reported protocols the plants were extracted with
toluene; however, this aromatic solvent has a high boiling point, and
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FIGURE 2

(A) *H NMR spectrum of pure artemisinin (1); (B) *H NMR spectrum of reference compound TBS-pyrrole (2), and (C) *H NMR spectrum of an
Artemisia annua extract mixed with the reference (REF) compound (key artemisinin signal shown by red arrow as ART).

even carrying out the elimination of the solvent under vacuum, a
relatively high temperature is needed to remove traces, probably
resulting in losses of thermolabile artemisinin (Li et al., 1981; Lin
et al., 1986). Other extraction solvents have been reported, such as
hexane, diethyl ether, chloroform and acetone (Christen and
Veuthey, 2001; Lapkin et al., 2006; Castilho et al,, 2008; Nahar
etal., 2020). Halogenated solvents are generally avoided since traces
of them could be carcinogenic on the long term. Several of these
methodologies are compared in Table 1, using different solvents and
extraction methodologies.

N-hexane and acetone provided the cleanest NMR spectra. The
best extract amounts were obtained with low-cost and non-toxic
acetone, which is an excellent solvent both for polar and non-polar
compounds. In addition, acetone has the lowest boiling point,
which allows extraction of thermolabile compounds such as
artemisinin in good yields (Castilho et al, 2008; Kontogianni
et al., 2020).

Once the preferred methodology was established (last entry in
Table 1, sample C1), similar amounts (2 g) of four dried powdered
A. annua plants were extracted (Table 2). An average amount of 110

NaH, THF, 2h; o
then 0 °C, TBSC; |
0°C to 26 °C, 18h N

H
4
W

Commercial
pyrrole

SCHEME 1
One-step synthesis of “universal” reference TBS-pyrrole
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mg of extract was obtained, but as expected, the amount of extract
varied with the sample, with C4 providing 40% more extract
than C3.

In addition, the amount of artemisinin for the same amount of
extract also varied. Five extracts from different plants (including
sample C1) were prepared according to Method C, and their
artemisinin content was determined by UHPLC-MS/MS
(Table 3). The data of the HPLC results will be later compared
with those obtained with the NMR methodology.

Once the extraction methodology had been established, a rapid,
simple and low-cost quantification of artemisinin in extracts was
addressed, using Nuclear Magnetic Resonance. The accuracy of the
methodology was first studied by mixing known amounts of pure
artemisinin (1; ART) and the reference (2; REF). The relationship
between the amounts (in mmols) of artemisinin and the reference
can be extrapolated by determining the NMR areas of one proton of
artemisinin and one proton of the reference. Since each signal of the
reference at 8y > 6.0 corresponds to two protons, while the signal of
artemisinin corresponds to one proton, the area of the reference is
halved (alternatively, the artemisinin area is doubled). These
relationships are expressed in the Equation 1 below:

mmol ART  area 1H ART  area ART X2
mmol REF ~ area 1H REF ~ area REF

Equation 1 can be adapted to calculate the amount of
artemisinin in milligrams since the MW of artemisinin and the
reference are 282.33 and 181.29 respectively. Thus, [Eql] can be
transformed into [Eq2]:

TABLE 2 Extract weight variation in different plants obtained using the
same method as for C1 (Method C).

Weight of dried powdered

Sample Extract residue
A. annua
cl1 2.0051 g 83.5 mg
C2 2.0049 g 109.4 mg
C3 2.0529 g 87.9 mg
C4 2.0165 g 125.9 mg
C5 2.0252 g 117.3 mg

TABLE 3 Percentage of artemisinin in different A. annua extracts,
determined by UHPLC-MS.

Extract .
. Artemisinin content (%) +
Sample residue : e et
uncertainty
(mg)

E.C.1 8.5 17.54 + 1.07
EC2 11.2 14.66 + 0.79
EC3 113 1557 +0.79
EC4 13.6 11.76 + 0.65
EC5 10 19.01 +0.91
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area ART x2
area REF

mg ART  mg REF
28233 181.29

The example shown in Figure 3 shows that even if the ratio of
reference and artemisinin is quite different, the NMR method gives
reliable results. Thus, the artemisinin key signal (right one) was
given a 1.0 a.u. value, and the reference signals thus obtained a 0.41
a.u. value. The application of Equation 2, for a known amount of
reference (0.6 mg), gave the amount of artemisinin (4.56 mg), which
matched well with the real one (4.55 mg):

mg ART 0.6 mg REF o 2.0
28233 181.29 0.41

Other examples with different amounts of artemisinin and
reference are presented in Table 4 (more detailed in Supporting
Information), with very good results in most cases, even with small
amounts of artemisinin (2.2, 1.6 and 0.8 mg).

In these first validations shown in Table 4, two procedures were
compared. In the first (Method I), a solution of the reference in 0.5
mL of the deuterated solvent was prepared, and then different
aliquots of this solution were used for the experiments. This method
(I) has the advantage that initially a relatively large amount of
reference could be weighed (15-20 mg), minimizing weighing
errors, and then a small aliquot can be extracted, allowing to
accurately measure a small amount of reference (such as the 0.6
mg shown in the example of Figure 3). However, the method
required careful measuring of the final solution volume, which
was the sum of the liquid reference substance and the deuterated
solvent. In addition, to measure the volume of the aliquot with
precision required Hamilton syringes. Despite this, this method is
preferable if small amounts of the reference are needed.

The second methodology (Method II) is operationally simpler.
As commented, the artemisinin (or the extract) is weighed in a vial,
dissolved in the deuterated solvent, and introduced in the NMR
tube; the vial is washed once to ensure completed addition. The
reference is weighed in another vial and the procedure is repeated.
The amount of reference and artemisinin/extract can vary as
desired; the only important precaution is to weigh accurately the
reference with a precision balance (which under good calibration
can have a precision of + 0.2 mg). The amount of solvent does not
need to be precise since the final reference/compound ratio would
be similar. Therefore, the method is operationally simple and allows
processing many samples in a small time.

Once that the preliminary methods were validated with pure
samples, we studied the influence of the extract in the NMR
determinations. The signals of the extract could overlap with the
key artemisinin and (to a lesser extent) the reference signals,
hindering the precise calculation of signal areas. To have as many
extract signals as possible, a model vegetal extract (not containing
artemisinin) was prepared using plants from different species. The
stability of added standard artemisinin in the model extract (and
later natural one in the A. annua extract) including the reference
was also checked. The relationship between artemisinin and the
reference signals was not altered, even after 3 days in the NMR tube.

Then an accurate amount of artemisinin and the reference were
mixed with the model extract, and the amount of artemisinin was
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FIGURE 3

*H NMR spectrum of a mixture of pure artemisinin (ART) and the
reference (REF) with area values of key signals. *HNMR in CDCls,
400 MHz, 26 °C.

again calculated using method II, as detailed in the Supporting
Information. Figure 4 shows the plant extract (4A) and mixture of
the extract, pure artemisinin and reference (4B). To our satisfaction,
the reference signals did not overlap with those of the extract. Using
a random amount of the reference (3.70 mg) and measuring the
areas (1.0 for the artemisinin key signals and 4.65 for the reference)
before applying the above formulas, an artemisinin amount of 2.47
mg was calculated, which was close to the real one (2.30 mg).
Finally, the quantification of artemisinin was carried out in real
A. annua extracts to compare the results with those obtained with
UHPLC-MS. As shown in Figure 5, in the 'HNMR spectra of the A.
annua extract, the artemisinin signal at 8y = 5.86 is clearly
separated from the others. Moreover, this signal is an easy-to-
integrate singlet. Other artemisinin signals can overlap with those in
the extract, and therefore, are not so appropriate for quantification.
A good correlation between the NMR and UHPLC results was
obtained herein and for the other samples EC1-5 described in the
Supporting Information, as summarized in Table 5. The differences
are less than 0.5 mg, generally in the range 0.1-0.4 mg. In general,
the QNMR values were slightly higher than HPLC values, similarly
to the results reported for LC-ELSD by Liu et al. (2010), which could
be due to several factors. Unlike HPLC or LC, gqNMR does not
require separation of the extract components along a column, which
minimizes small loses by retention in the column support. The type

10.3389/fpls.2023.1255512

of HPLC detector can also generate small differences as shown by
Liu et al. (2010).

As commented before, overlapping of the NMR and HPLC
signals with those of minor impurities can also affect the values.
This overlapping could result in slight over or underestimation of
the real signal areas. While in HPLC there is overlapping of
compound signals (due to separation problems between
artemisinin and related terpenes, and even non-related
compounds of similar polarity), in NMR there is overlapping of
proton signals. To solve this problem, in the first case, the column
and/or the elution system is optimized, in the second case, a change
of d-solvent usually gives good results (as shown later).

Finally, artemisinin mean value in A. annua plant extract
residues (X~ + SE) by qNMR was 1.13 + 0.50 mg of ART which
was not significantly different to UHPLC-MS result (1.14 + 0.51 mg
of ART).

3.3 Quantification of structurally-
diverse natural products in a model
vegetal extract, using the “universal”
NMR reference

To prove the utility of the NMR reference, it was used to quantify
a library of structurally-diverse natural products of commercial
importance, which are shown in Figure 6. Thus, vanillin (3) is an
example of aromatic natural product and is found in the extract of the
vanilla bean. It is widely used as flavouring in foods and drugs
(Dignum et al., 2001; Walton et al., 2003). Thymoquinone (4) was
isolated from Nigella sativa, and displays cardioprotective,
antidiabetic and anti-inflammatory properties (Farkhondeh et al,
2017; Leong et al,, 2021). The terpenes carvone (5), verbenone (6) and
santonin (7) are also bioactive products. Carvone (5) is found in the
essential oils of spearmint and caraway seeds, and displays
antibacterial and antifungal activity (De Carvalho and Da Fonseca,
2006). The pleasant-smelling verbenone (6) is found in a variety of
plants, and since it also acts as an insect pheromone, it is used for pest
control (Progar, 2005; Martini et al., 2020). Santonin (7) is another
component of the Artemisia genus, and has been used for its
antihelmintic (roundworms) properties, and also displays
antibacterial and antipyretic activities (Sakipova et al, 2017).
Sitosterol (8) is a phytosterol used in food additive E499 (Patel and
Thompson, 2006; Food Standards Agency, 2023), while

TABLE 4 A known amount of pure artemisinin calculated by NMR with Methods | and II.

Area ART x 2

Artemisinin by NMR quantification

Method REF (mg) ) Real amount of artemisinin (mg)
Arca REF (mg) + relative error
1 0.60 4388 456 + 0.00 455
I 1.20 244 456 + 0.00 455
1 1.70 1.69 449 +0.01 455
i 3.70 043 246 +0.11 220
il 220 0.50 1.72 £ 0.07 1.60
1I 2.50 0.20 0.78 £ 0.03 0.80
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'H NMR spectrum of a plant model extract (A) and a mixture of pure artemisinin, the reference compound and the plant model extract (B).

dehydroabietylamine (9, also called leelamine) is a diterpene amine
which acts as inhibitor of pyruvate dehydrogenase kinase, and also
presents promising antitumoral activity (Aicher et al., 1999; Jung
et al, 2022). Leelamine has also served as precursor of several
alkaloids. Examples of alkaloids are quinine (10) and gramine (11).
Quinine, an alkaloid from Cinchona sp., is an antimalarial drug, a
food additive and a fine chemical, as commented in the Introduction.
Gramine (11) is an indole alkaloid found in several plant species
mostly in Gramineae species, such as Hordeum (barley) and Phalaris
grasses, the giant reed Arundo donax, or the silver maple Acer
saccharinum (Pachter et al., 1959; Leete and Minich, 1977;
Semenov and Granik, 2004; Griin et al., 2005). It probably plays a
defensive role, since it is toxic to many insects (Corcuera, 1984). It can
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be used to used to control undesired algae invasions, specially
Coelastrella sp. (Griin et al., 2005; Canton et al., 2019).

To validate the utility of NMR quantification, a known amount
of these compounds and the reference was mixed with the model
vegetal extract. Using procedure II, the amount of the natural
product was calculated and compared with the real amount.
Excellent results were obtained, as shown in Table 6 and the
NMR spectra described in the Supporting Information. In
general, the reference signals did not overlap with the extract or
natural product signals.

The quantification of sitosterol (8, Figure 7) deserves a detailed
comment. When the experiment was run in CDCl;, the olefinic
signal of sitosterol overlapped with those of the extract. Fortunately,
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FIGURE 5

'H NMR spectrum of an Artemisia annua extract with the reference, and quantification of artemisinin.

a singlet corresponding to one methyl group at § = 0.68 separated
from the bulk, and quantification was carried out using it. However,
the separation of the signals improved by replacing the deuterated
solvent. Thus, using d-benzene, the olefinic signal separated from
those of the extract, and the resolution of the methyl group
also improved, affording better accuracy. Therefore, a change in
the d-solvent can be useful to overcome problems due to
signal overlapping.

Finally, the quantifications of dehydroabietylamine (9) and the
alkaloids quinine (10) and gramine (11) in the model plant extract
were carried out. Gramine presented some solubility problems at
higher doses, and we considered using other solvent such as d-
methanol for this case. However, at the small amounts used in this
experiment, the quantification in CDCl; proceeded well, giving

accurate results for these nitrogen compounds. Therefore, the
feasibility of using N-TBS-pyrrole as an universal reference for
structurally-diverse natural products in plant extracts
was demonstrated.

4 Conclusions

A novel “universal” NMR reference was introduced for the
quantification of structurally-diverse natural products in plant
extracts. This reference, N-TBS-pyrrole (2), is inexpensive and
readily prepared in one step from commercial reagents. The
molecule is symmetric, with several sets of equivalent protons,
and provides intense singlet signals which do not overlap with

TABLE 5 Artemisinin calculated by NMR and UHPLC-MS in A. annua plant extract.

Sample REF  Areaq ART x 2 Extract r_e_sidu_e for NMR Arte_misinin by NMR'quantiﬁ- Artemisini_n' by _UHPLC-
(mg) ~ Area REF quantification (mg) cation (mg) + relative error MS quantification (mg)
EC1 0.66 425 23.70 437 +0.05 4.16
EC2 3.00 0.36 10.20 1.69 + 0.11 1.50
EC3 2.90 0.39 9.00 1.74 + 0.17 1.44
E.C.4 2.80 0.56 16.30 245 +0.22 1.92
ECS5 2.60 047 9.10 1.89 + 0.08 1.73
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TABLE 6 Quantification of structurally-diverse natural products in a model vegetal extract by NMR.

Area Compound Compound by NMR quantification (mg) +

Compound

Real amount of

Area REF relative error compound (mg)

Vanillin (3) 152.15 1.36 2.63 £0.12 230
Thymoquinone (4) 164.20 1.28 243 +£0.07 2.60
Carvone (5) 150.22 1.49 2.80 +0.00 2.80
Verbenone (6) 150.22 1.54 2.93 £0.01 2.90
o-Santonin (7) 246.30 1.23 3.67 £ 0.02 3.60
Dehydroabietylamine (9) 285.48 0.68 3.95 +0.01 4.00
Quinine (10) 324.42 1.18 4.02 £ 0.03 3.90
Gramine (11) 174.25 1.01 2.52 £ 0.09 2.30
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Quantification of sitosterol in a model vegetal extract with CDCls (A) and CgDg (B) as deuterated solvent.
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most of the extract and target compound signals. In addition, it is a
liquid with a moderate boiling point, which can be handled
precisely during the quantification, but can also be removed from
the sample under high vacuum, allowing the recovery of valuable
natural products from the quantification sample.

The NMR method was studied first with the antimalarial
artemisinin. The results were satisfactory both with known
amounts of pure artemisinin and in extracts of A. annua, the
latter being compared with those obtained by UHPLC-MS which
is a standard quantification method for artemisinin. Once the
methodology was optimized and validated, it was applied for the
quantification of structurally-diverse products such as aromatic

Frontiers in Plant Science

compounds, quinones, terpenes, steroids, and alkaloids in a
model plant extract. The quantification afforded excellent results.
As commented in the Introduction, a limitation of this
technology is that the target compounds should have signals that
separate from the bulk, and whose area can be measured accurately.
If the separation is not good, then the standard HPLC techniques or
NMR/HPLC combinations should be used. However, as
demonstrated with artemisinin, sitosterol, and the other library
compounds, most bioactive natural products possess some
aromatic, olefinic, or heteroaromatic functions, or have
differentiated methyl group signals. The signal separation can also
be improved in some cases by varying the deuterated solvent.
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Therefore, this NMR reference and the reported protocol can be
applied in most cases.

This low-cost method only needs a small amount of the extract,
is accurate and operationally simple, and a large volume of samples
can be processed in little time. Indeed, data acquisition is fast (less
than 3 min and no calibration curves are needed), particularly with
automatic switching of samples placed on NMR carousels.

Therefore, the novel NMR reference and the optimized
protocols will be quite useful for natural product chemists and
industrial quality controls.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

ALGG prepared the extracts supervised by DJA and then
performed the NMR quantification experiments supervised by AB;
DH synthesized the NMR probe, in collaboration with AB. ASM
performed the UHPLC experiments. AB and DJA, in collaboration
with ALGG, designed and supervised the experiments and wrote the
manuscript. All authors contributed to manuscript revision, read, and
approved the submitted version.

Funding

ALGG (TESIS2019010072) was recipient of a predoctoral
contract co-financed by the Agencia Canaria de Investigacion,
Innovacion y Sociedad de la Informacion de la Consejeria de
Economia, Conocimiento y Empleo and by the European Social
Fund-Fondo Social Europeo (FSE). Programa Operativo Integrado
de Canarias 2014-2020, Eje 3 Tema Prioritario 74 (85%). The

References

Abdulhafiz, F., Mohammed, A., Reduan, M. F. H., Kari, Z. A., Wei, L. S., and Goh, K.
W. (2022). Plant cell culture technologies: A promising alternatives to produce high-
value secondary metabolites. Arab. J. Chem. 15, 104161. doi: 10.1016/
j.arabjc.2022.104161

Achan, J., Talisuna, A. O., Erhart, A., Yeka, A., Tibenderana, J. K., Baliraine, F. N.,
et al. (2011). Quinine, an old anti-malarial drug in a modern world: Role in the
treatment of malaria. Malar. J. 10, 144. doi: 10.1186/1475-2875-10-144

Aicher, T. D., Damon, R. E., Koletar, J., Vinluan, C. C., Brand, L. J., Gao, J., et al.
(1999). Triterpene and diterpene inhibitors of pyruvate dehydrogenase kinase (PDK).
Bioorg. Med. Chem. Lett. 9, 2223-2228. doi: 10.1016/S0960-894X(99)00380-7

Canton, M. C,, Holguin, F. O., and Boeing, W. J. (2019). Alkaloid gramine to control
algal invaders: Algae inhibition and gramine persistence. Bioresour. Technol. Rep. 7,
100304. doi: 10.1016/j.biteb.2019.100304

Caramenti, P., Nicolai, S., and Waser, J. (2017). Indole- and Pyrrole-BX: bench-stable
hypervalent iodine reagents for heterocycle umpolung. Chem. — A Eur. J. 23, 14702—
14706. doi: 10.1002/chem.201703723

Frontiers in Plant Science

10.3389/fpls.2023.1255512

research was funded by INTERREG-MAC Project APOGEO
(MAC2/1.1b/226) with FEDER funds, which also sponsored the
postdoctoral research contract awarded to DH. We also
acknowledge partial support of the publication fee by CSIC Open
Access Publication Support Initiative-through its Unit of
Information Resources for Research (URICI).

Acknowledgments

ASM would like to acknowledge the use of the Research Support
General Service (SEGAI) of the University of La Laguna. We also
thank Dr. Antonio Daranas for his invaluable support in the NMR
experiments, as well as Dr. José Gavin and Fernando Lobo (NMR
and databases), and NMR technician Manuel Cabrera.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1255512/
full#supplementary-material

Castilho, P. C,, Gouveia, S. C., and Rodrigues, A. 1. (2008). Quantification of artemisinin in
Artemisia annua extracts by 1H-NMR. Phytochem. Anal. 19, 329-334. doi: 10.1002/
PCA.1053

Christen, P., and Veuthey, J. (2001). New trends in extraction, identification and
quantification of artemisinin and its derivatives. Curr. Med. Chem. 8, 1827-1839.
doi: 10.2174/0929867013371563

Corcuera, L. J. (1984). Effects of indole alkaloids from gramineae on aphids.
Phytochemistry 23, 539-541. doi: 10.1016/S0031-9422(00)80376-3

Das, T., Dey, A., Pandey, D. K., Panwar, J. S,, and Nandy, S. (2022). “Fungal endophytes as
biostimulants of secondary metabolism in plants: a sustainable agricultural practice for
medicinal crops,” in New and Future Developments in Microbial Biotechnology and
Bioengineering. Eds. H. Singh and A. Vaishnav (Amsterdam, Netherlands: Elsevier), 283—
314. doi: 10.1016/B978-0-323-85163-3.00010-7

De Carvalho, C. C. C. R,, and Da Fonseca, M. M. R. (2006). Carvone: Why and how
should one bother to produce this terpene. Food Chem. 95, 413-422. doi: 10.1016/
j.foodchem.2005.01.003

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1255512/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1255512/full#supplementary-material
https://doi.org/10.1016/j.arabjc.2022.104161
https://doi.org/10.1016/j.arabjc.2022.104161
https://doi.org/10.1186/1475-2875-10-144
https://doi.org/10.1016/S0960-894X(99)00380-7
https://doi.org/10.1016/j.biteb.2019.100304
https://doi.org/10.1002/chem.201703723
https://doi.org/10.1002/PCA.1053
https://doi.org/10.1002/PCA.1053
https://doi.org/10.2174/0929867013371563
https://doi.org/10.1016/S0031-9422(00)80376-3
https://doi.org/10.1016/B978-0-323-85163-3.00010-7
https://doi.org/10.1016/j.foodchem.2005.01.003
https://doi.org/10.1016/j.foodchem.2005.01.003
https://doi.org/10.3389/fpls.2023.1255512
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Garcia-Garcia et al.

Dhanak, D., and Reese, C. B. (1986). Studies in the protection of pyrrole and indole
derivatives. J. Chem. Soc Perkin Trans. 1, 2181-2186. doi: 10.1039/P19860002181

Dignum, M. J. W., Kerler, J., and Verpoorte, R. (2001). Vanilla production:
Technological, chemical, and biosynthetic aspects. Food Rev. Int. 17, 119-120.
doi: 10.1081/FRI-100000269

European Commission (2002). 2002/657/EC: Commission Decision of 12 August
2002 implementing Council Directive 96/23/EC concerning the performance of
analytical methods and the interpretation of results (Text with EEA relevance)
(notified under document number C(2002) 3044). Off. J. Eur. Commun. L 221, 8-36.

Farkhondeh, T., Samarghandian, S., and Borji, A. (2017). An overview on
cardioprotective and anti-diabetic effects of thymoquinone. Asian Pac. J. Trop. Med.
10, 849-854. doi: 10.1016/j.apjtm.2017.08.020

Ferreira, J. F. S., Laughlin, J. C,, Delabays, N., and de Magalhdes, P. M. (2005).
Cultivation and genetics of Artemisia annua L. for increased production of the
antimalarial artemisinin. Plant Genet. Resour. 3, 206-229. doi: 10.1079/PGR200585

Food Standards Agency (2023). Approved additives and E numbers. Available at:
https://www.food.gov.uk/business-guidance/approved-additives-and-e-numbers
(Accessed May 31, 2023).

Garcia-Garcia, A. L., Garcia-Machado, F. ]., Borges, A. A., Morales-Sierra, S., Boto,
A., and Jiménez-Arias, D. (2020). Pure organic active compounds against abiotic stress:
A biostimulant overview. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.575829

Graziani, G., Cirillo, A., Giannini, P., Conti, S., EI-Nakhel, C., Rouphael, Y., et al.
(2022). Biostimulants improve plant growth and bioactive compounds of young olive
trees under abiotic stress conditions. Agriculture 12, 227. doi: 10.3390/
agriculture12020227

Griin, S, Frey, M., and Gierl, A. (2005). Evolution of the indole alkaloid biosynthesis
in the genus Hordeum: Distribution of gramine and DIBOA and isolation of the
benzoxazinoid biosynthesis genes from Hordeum lechleri. Phytochemistry 66, 1264—
1272. doi: 10.1016/j.phytochem.2005.01.024

Hien, T. T., and White, N. J. (1993). Qinghaosu. Lancet 341, 603-608. doi: 10.1016/
0140-6736(93)90362-K

Jessing, K. K., Juhler, R. K., and Strobel, B. W. (2011). Monitoring of artemisinin,
dihydroartemisinin, and artemether in environmental matrices using high-
performance liquid chromatography-tandem mass spectrometry (LC-MS/MS). J.
Agric. Food Chem. 59, 11735-11743. doi: 10.1021/jf2027632

Jha, P., Ram, M., Khan, M. A,, Kiran, U., Mahmooduzzafar, and Abdin, M. Z. (2011).
Impact of organic manure and chemical fertilizers on artemisinin content and yield in
Artemisia annua L. Ind. Crops Prod. 33, 296-301. doi: 10.1016/j.indcrop.2010.12.011

Jung, Y. Y., Um, J. Y., Sethi, G., and Ahn, K. S. (2022). Potential application of
leelamine as a novel regulator of chemokine-induced epithelial-to-mesenchymal
transition in breast cancer cells. Int. J. Mol. Sci. 23, 9848. doi: 10.3390/ijms23179848

Khare, S., Singh, N. B., Singh, A., Hussain, I, Niharika, K., Yadav, V., et al. (2020).

Plant secondary metabolites synthesis and their regulations under biotic and abiotic
constraints. J. Plant Biol. 63, 203-216. doi: 10.1007/s12374-020-09245-7

Klayman, D. L. (1985). Qinghaosu (Artemisinin): an antimalarial drug from China.
Science 228, 1049-1055. doi: 10.1126/science.3887571

Kontogianni, V. G., Primikyri, A., Sakka, M., and Gerothanassis, I. P. (2020).
Simultaneous determination of artemisinin and its analogs and flavonoids in
Artemisia annua crude extracts with the use of NMR spectroscopy. Magn. Reson.
Chem. 58, 232-244. doi: 10.1002/MRC.4971

Lapkin, A. A., Plucinski, P. K., and Cutler, M. (2006). Comparative assessment of
technologies for extraction of artemisinin. J. Nat. Prod. 69, 1653-1664. doi: 10.1021/
np060375j

Leete, E., and Minich, M. L. (1977). Biosynthesis of gramine in Phalaris arundinacea.
Phytochemistry 16, 149-150. doi: 10.1016/0031-9422(77)83045-8

Leong, X. F., Choy, K. W,, and Alias, A. (2021). Anti-inflammatory effects of
thymogquinone in atherosclerosis: A mini review. Front. Pharmacol. 12. doi: 10.3389/
fphar.2021.758929

Li, M., He, W., and Zhang, S.-Y. (2022). The use of cinchona alkaloid derivatives as
chiral ligands and organocatalysts in asymmetric catalysis. Mini. Rev. Org. Chem. 19,
146-165. doi: 10.2174/1570193X18666210428133120

Li, Y, Yu, P. L, Chen, Y. X,, Li, L. Q,, Gai, Y. Z,, Wang, D. S,, et al. (1981). Synthesis
of ethers, carboxylic esters and carbonates of dihydroarthemisinin. Acta Pharm. Sin. 16,
429-439.

Li, J., and Zhou, B. (2010). Biological actions of artemisinin: insights from medicinal
chemistry studies. Molecules 15, 1378-1397. doi: 10.3390/molecules15031378

Frontiers in Plant Science

15

10.3389/fpls.2023.1255512

Lin, A. J., Theoharides, A. D., and Klayman, D. L. (1986). Thermal decomposition
products of dihydroartemisinin (dihydroquinghaosu). Tetrahedron 42, 2181-2184.
doi: 10.1016/S0040-4020(01)90596-4

Liu, N. Q., Choi, Y. H,, Verpoorte, R,, and van der Kooy, F. (2010). Comparative
quantitative analysis of artemisinin by chromatography and gQNMR. Phytochem. Anal.
21, 451-456. doi: 10.1002/PCA.1217

Martini, X., Sobel, L., Conover, D., Mafra-Neto, A., and Smith, J. (2020). Verbenone
reduces landing of the redbay ambrosia beetle, vector of the laurel wilt pathogen, on live
standing redbay trees. Agric. For. Entomol. 22, 83-91. doi: 10.1111/afe.12364

Mestrelab Research (2023). Download Mnova. Available at: https://mestrelab.com/
download/mnova/ (Accessed July 7, 2023).

Nahar, L., Guo, M., and Sarker, S. D. (2020). A review on the latest advances in
extraction and analysis of artemisinin. Phytochem. Anal. 31, 5-14. doi: 10.1002/
pca.2873

Nganthoi, M., and Sanatombi, K. (2019). Artemisinin content and DNA profiling of
Artemisia species of Manipur. South Afr. J. Bot. 125, 9-15. doi: 10.1016/
j.52jb.2019.06.027

O'Neill, P. M., and Posner, G. H. (2004). A medicinal chemistry perspective on
artemisinin and related endoperoxides. J. Med. Chem. 47, 2945-2964. doi: 10.1021/
jm030571c

Pachter, L. J., Zacharias, D. E., and Ribeirol, O. (1959). Indole alkaloids of Acer
saccharinum (The silver maple), Dyctyoloma incanescens, Piptadenia colubrina, and
Mimosa hostilis. J. Org. Chem. 24, 1285-1287. doi: 10.1021/j001091a032

Patel, M. D., and Thompson, P. D. (2006). Phytosterols and vascular disease.
Atherosclerosis 186, 12-19. doi: 10.1016/j.atherosclerosis.2005.10.026

Pauli, G. F., Jaki, B. U., and Lankin, D. C. (2005). Quantitative '"H NMR:
Development and potential of a method for natural products analysis. J. Nat. Prod.
68, 133-149. doi: 10.1021/np0497301

Progar, R. A. (2005). Five-Year Operational Trial of Verbenone to Deter Mountain
Pine Beetle (Dendroctonus ponderosae; Coleoptera: Scolytidae) Attack of Lodgepole
Pine (Pinus contorta). Environ. Entomol. 34, 1402-1407. doi: 10.1603/0046-225X-
34.6.1402

Sakipova, Z., Wong, N. S. H., Bekezhanova, T., Shukirbekova, A., and Boylan, F.
(2017). Quantification of santonin in eight species of Artemisia from Kazakhstan by
means of HPLC-UV: Method development and validation. PloS One 12, e0173714.
doi: 10.1371/journal.pone.0173714

Selegato, D. M., Pilon, A. C,, and Carnevale Neto, F. (2019). “Plant metabolomics
using NMR spectroscopy,” in Methods in Molecular Biology. Eds. G. Gowda and D.
Raftery (New York: Humana Press Inc), 345-362. doi: 10.1007/978-1-4939-9690-2_19

Semenov, B. B,, and Granik, V. G. (2004). Chemistry of N-(1H-indol-3-ylmethyl)-N,
N-dimethylamine (gramine): A review. Pharm. Chem. J. 38, 287-310. doi: 10.1023/B:
PHAC.0000048140.06266.63

Sigma-Aldrich (2023). Physical & Chemical Property Standards. Available at: https://
www.sigmaaldrich.com/ES/en/products/analytical-chemistry/reference-materials/
physical-property-standards (Accessed June 27, 2023).

Sirirungruang, S., Markel, K., and Shih, P. M. (2022). Plant-based engineering for
production of high-valued natural products. Nat. Prod. Rep. 39, 1492-1509.
doi: 10.1039/D2NP00017B

Soininen, T. H., Jukarainen, N., Auriola, S. O. K., Julkunen-Tiitto, R., Karjalainen, R.,
and Vepsildinen, J. J. (2014). Quantitative metabolite profiling of edible onion species
by NMR and HPLC-MS. Food Chem. 165, 499-505. doi: 10.1016/
J.FOODCHEM.2014.05.132

Tellez, M. R., Canel, C., Rimando, A. M., and Duke, S. O. (1999). Differential
accumulation of isoprenoids in glanded and glandless Artemisia annua L.
Phytochemistry 52, 1035-1040. doi: 10.1016/S0031-9422(99)00308-8

Tong, S., Watson, S., Lai, W., and Parent, S. D. (2009). Quinine sulfate/bisulfate solid
complex; methods of making; and methods of use thereof US Patent
US20090326005A1.

Walton, N. J., Mayer, M. J., and Narbad, A. (2003). Vanillin. Phytochemistry 63, 505—
515. doi: 10.1016/S0031-9422(03)00149-3

Wishart, D. S., Sayeeda, Z., Budinski, Z., Guo, A., Lee, B. L., Berjanskii, M., et al.
(2022). NP-MRD: the natural products magnetic resonance database. Nucleic Acids Res.
50, D665-D677. doi: 10.1093/nar/gkab1052

Zhao, S. S., and Zeng, M. Y. (1985). Spectrometric high-pressure liquid
chromatographic studies on analytical chemistry of Qinghaosu. Planta Med. 51,
233-237. doi: 10.1055/s-2007-969466

frontiersin.org


https://doi.org/10.1039/P19860002181
https://doi.org/10.1081/FRI-100000269
https://doi.org/10.1016/j.apjtm.2017.08.020
https://doi.org/10.1079/PGR200585
https://www.food.gov.uk/business-guidance/approved-additives-and-e-numbers
https://doi.org/10.3389/fpls.2020.575829
https://doi.org/10.3390/agriculture12020227
https://doi.org/10.3390/agriculture12020227
https://doi.org/10.1016/j.phytochem.2005.01.024
https://doi.org/10.1016/0140-6736(93)90362-K
https://doi.org/10.1016/0140-6736(93)90362-K
https://doi.org/10.1021/jf2027632
https://doi.org/10.1016/j.indcrop.2010.12.011
https://doi.org/10.3390/ijms23179848
https://doi.org/10.1007/s12374-020-09245-7
https://doi.org/10.1126/science.3887571
https://doi.org/10.1002/MRC.4971
https://doi.org/10.1021/np060375j
https://doi.org/10.1021/np060375j
https://doi.org/10.1016/0031-9422(77)83045-8
https://doi.org/10.3389/fphar.2021.758929
https://doi.org/10.3389/fphar.2021.758929
https://doi.org/10.2174/1570193X18666210428133120
https://doi.org/10.3390/molecules15031378
https://doi.org/10.1016/S0040-4020(01)90596-4
https://doi.org/10.1002/PCA.1217
https://doi.org/10.1111/afe.12364
https://mestrelab.com/download/mnova/
https://mestrelab.com/download/mnova/
https://doi.org/10.1002/pca.2873
https://doi.org/10.1002/pca.2873
https://doi.org/10.1016/j.sajb.2019.06.027
https://doi.org/10.1016/j.sajb.2019.06.027
https://doi.org/10.1021/jm030571c
https://doi.org/10.1021/jm030571c
https://doi.org/10.1021/jo01091a032
https://doi.org/10.1016/j.atherosclerosis.2005.10.026
https://doi.org/10.1021/np0497301
https://doi.org/10.1603/0046-225X-34.6.1402
https://doi.org/10.1603/0046-225X-34.6.1402
https://doi.org/10.1371/journal.pone.0173714
https://doi.org/10.1007/978-1-4939-9690-2_19
https://doi.org/10.1023/B:PHAC.0000048140.06266.63
https://doi.org/10.1023/B:PHAC.0000048140.06266.63
https://www.sigmaaldrich.com/ES/en/products/analytical-chemistry/reference-materials/physical-property-standards
https://www.sigmaaldrich.com/ES/en/products/analytical-chemistry/reference-materials/physical-property-standards
https://www.sigmaaldrich.com/ES/en/products/analytical-chemistry/reference-materials/physical-property-standards
https://doi.org/10.1039/D2NP00017B
https://doi.org/10.1016/J.FOODCHEM.2014.05.132
https://doi.org/10.1016/J.FOODCHEM.2014.05.132
https://doi.org/10.1016/S0031-9422(99)00308-8
https://doi.org/10.1016/S0031-9422(03)00149-3
https://doi.org/10.1093/nar/gkab1052
https://doi.org/10.1055/s-2007-969466
https://doi.org/10.3389/fpls.2023.1255512
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	TBS-pyrrole as an “universal” reference to quantify artemisinin and structurally-diverse natural products in plants extracts by NMR
	1 Introduction
	2 Material and methods
	2.1 Plant material
	2.2 Chemicals and standards
	2.3 Optimized extraction methodology
	2.4 Preparation of the reference compound N-(t-butyldimethylsilyl)pyrrole and determination of its quality as NMR reference
	2.5 Preparation of NMR samples for quantification of artemisinin in extract residue
	2.6 Artemisinin quantification by UHPLC-MS

	3 Results and discussion
	3.1 Development of the NMR reference
	3.2 Quantification of artemisinin in samples. Comparison between UHPLC and NMR results
	3.3 Quantification of structurally-diverse natural products in a model vegetal extract, using the “universal” NMR reference

	4 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


